Bacterial strain HPK2-2 T was isolated from soil adjacent to the caldera of Kilauea Volcano in Hawaii Volcanoes National
The genus Rubrobacter currently includes seven formally described species. Rubrobacter radiotolerans and Rubrobacter taiwanensis, remarkable for their high radiation resistance, were originally isolated from hot springs [1, 2] . Three other species of Rubrobacter were first isolated from high temperature aquatic environments as well: Rubrobacter xylanophilus was isolated from thermally polluted carpet factory effluent [3] ; Rubrobacter calidiflumis and Rubrobacter naidicus were recently isolated from a geothermally heated stream [4] . However, the genus is not limited to high temperature environments: Rubrobacter bracarensis, an unusual halophilic species, was first isolated from a church wall biofilm [5] , while Rubrobacter aplysinae was first isolated from a marine sponge [6] . Here we report the discovery of HPK2-2 T , a novel strain isolated from heated soil of a volcano caldera in Kilauea, HI, for which we propose the name Rubrobacter spartanus.
We sought to establish conditions that would promote the growth of thermophilic carboxydotrophic organisms capable of nitrogen fixation (i.e. diazotrophs) as part of a project to re-isolate Streptomyces thermoautotrophicus [7] and novel CO-tolerant diazotrophs. We suspected that soil adjacent to a volcano caldera would provide the best chance for finding these organisms due to its exposure to elevated temperature and elevated CO concentrations associated with volcanic activity, and inherent nitrogen limitation due to the age of the soil [8] . We therefore collected soil for culturing from Kilauea in Hawaii Volcanoes National Park on 4 July 2014 and shipped it to Michigan State University, where it was stored at 4 C until further analysis.
To culture thermophilic carboxydotrophic diazotrophs, we spread soil slurries on plates of DSM 261 medium, which was designed to support carboxydotrophic growth by the thermophilic bacterium Hydrogenobacillus schlegelii, with the NH 4 Cl omitted, and incubated plates at 55 C in an atmosphere of 94 % air, 5 % CO 2 , and 1 % CO. The concentration of CO was chosen because it is both the lower limit for supporting growth of carboxydotrophic organisms (i.e. aerobic CO oxidizers that fix atmospheric carbon, [9] ) and the upper limit for maintaining diazotrophy in the presence of CO through use of the CowN protein [10] . We also added 100 mg l À1 yeast extract to the medium to provide the small amount of fixed nitrogen diazotrophs require to construct nitrogenase enzymes prior to fixation [11] along with additional trace nutrient sources. After~2 weeks of incubation, many small light pink colonies appeared on the plates, one of which we streaked and subcultured several times under the same conditions used for isolation. This isolate, HPK2-2 T , was used to create freezer vial stocks, material from which was used for further testing.
While the conditions we initially established were designed to culture carboxydotrophic diazotrophic organisms, we have no evidence that HPK2-2 T oxidizes CO, fixes CO 2 , or fixes N 2 ; rather, this organism is best described as a COtolerant, capnophilic, nitrogen-scavenging oligotroph. We tested HPK2-2 T for its ability to oxidize CO by inoculating the headspace of an actively growing broth culture with 100 ppm CO and tracking CO concentrations over a period of several hours as described previously [12] . No CO uptake was detected after several attempts. Rather than fixing CO 2 or N 2 , we believe that HPK2-2 T was using the organic carbon and nitrogen available from the small amount of yeast extract added to the isolation medium to satisfy biomass demand. Nitrogen-scavenging organisms, some of which can even survive on trace levels of NH 3 present in the atmosphere [13] , are frequently isolated alongside diazotrophs from soil samples plated on low nitrogen medium [14, 15] . Growth was improved by increasing the amount of yeast extract to 1 g l À1 and adding 1 g l À1 peptone, and this medium (i.e. DSM 261 with 1 g yeast extract l À1 and 1 g peptone l À1 added) was used for culture maintenance and testing throughout unless otherwise noted. However, nutrient rich media, such as tryptic soy agar (TSA) and plate count broth did not support growth. While the high amount of CO 2 used in our primary isolations was meant to encourage the growth of autotrophic organisms, we may have unwittingly encouraged the growth of capnophilic microbes, which thrive in high CO 2 environments without directly using this resource [16] .
A partial sequence of the 16S rRNA gene of HPK2-2 T was obtained by Sanger sequencing of a PCR amplicon generated from genomic DNA using primers 27F [17] and 1492R [18] . The purified amplicon was sequenced in three separate reactions using primers 27F, 1492R and 1115R [19] . Resulting sequences were then aligned and assembled using Molecular Evolution Genetics Analysis version 7.0 software (MEGA7; [20] ) resulting in a partial 16S rRNA gene sequence of 1395 base pairs (NCBI accession number KY441442); this sequence was used for all subsequent analyses. HPK2-2 T was found to be most closely related to the type strain of R. taiwanensis LS-293 T , with which it shared 94.5 % sequence identity across the aforementioned partial 16S sequence; this analysis led us to believe that HPK2-2 T was a novel species within the genus Rubrobacter. A phylogenetic tree showing the position of HPK2-2 T within the genus was created by obtaining 16S sequences of the seven other validly published species of Rubrobacter, aligning sequences in MEGA 7, then creating the tree in MEGA7 using the neighbour-joining method with default settings and 100 iterations. This tree is presented in Fig. 1 .
The genus Rubrobacter currently divides into two main clusters: one cluster comprised solely of the thermophilic organisms R. xylanophilus, R. calidiflumis and R. naidicus, all of which show optimal growth at 60 C; and a second cluster that includes one thermophilic species, R. taiwanensis, which grows best at 60 C, along with the moderately thermophilic species R. radiotolerans, which grows best at~46-48 C and the two mesophilic species R. bracarensis and R. aplysinae. We tested growth at 30, 45, 50, 55 and 60 C and found that HPK2-2 T grows best at 50 C and shows growth between 45 and 55 C after 1 week, while no growth is observed at either 30 or 60 C in the same amount of time. The moderately thermophilic character of HPK2-2 T is consistent with its phylogenetic position in a clade containing other mesophilic and moderately thermophilic organisms (Fig. 1) . 
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Rubrobacter spartanus HPK2-2 T (KY441442) Fig. 1 . Phylogenetic tree based on 16S rRNA gene sequences showing the relationship of HPK2-2 to other strains from the genus Rubrobacter. Tree was reconstructed using MEGA 7.0 software using the neighbour-joining method; further details on sequencing and tree reconstruction can be found in the main text of this article. Bootstrap values from 100 iterations are shown above as well. GenBank accession numbers are shown in parentheses.
We also tested the pH preference of HPK2-2 T by inoculating flasks of the aforementioned peptone and yeast extract containing medium with the pH adjusted to values between 6.0 and 10.0 using HCl or NaOH prior to autoclaving; Na 2 HPO 4 and KH 2 PO 4 were removed from the medium recipe and replaced with appropriate buffering agents in line with pH as follows (buffers and amounts are identical those used by [3] It should be noted that the standard medium used for testing, which includes Na 2 HPO 4 and KH 2 PO 4 for buffer, and for which the pH was not adjusted, has a pH of~7.3; this medium also supports growth after 1 week. These results suggest that HPK2-2 T may be slightly alkaliphilic, which is also true of R. aplysinae, R. taiwanensis, R. xylanophilus, and R. radiotolerans.
Cells of HPK2-2
T were scraped from plates grown at 50 C, freeze-dried in the presence of 0.9 % NaCl and sent to the Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ), where polar lipid, quinone and fatty acid analyses were conducted. Polar lipids and respiratory quinones and lipoquinones were extracted as described previously [21, 22] . Respiratory quinones and lipoquinones were separated by thin-layer chromatography followed by high- Unknown ECL 11.980
performance liquid chromotrography as described previously [21, 22] . The only respiratory quinone or lipoquinone detected was menaquinone 8 (MK-8), which is the major respiratory lipoquinone for all other members of the family Rubrobacteraceae examined thus far. Polar lipids were extracted using a method modified from that presented by Bligh and Dyer [23] and analysed by two-dimensional thinlayer chromatography as described by Tindall et al. [24] . [4] , all other data from [6] ; 6, R. tainwanensis strain LS-293 T (ATCC BAA-406 T ), results of catalase test, carbon source utilization and acid production data from [4] , all other data from [6] ; 7, R. bracarensis strain VF70612_S1
T (DSM 24908 T ), results of catalase test, carbon source utilization and acid production data from [4] , all other data from [6] ; 8, R. radiotolerans strain P-1 T (DSM 5868 T ), results of catalase test, carbon source utilization and acid production data from [4] , all other data from [6] . À, Negative; +, positive; (+) weakly positive; ND, not done. 
Utilization of: 
Two glycolipids, six phospholipids, two phosphoglycolipids, phosphatidyglycerol and diphosphatidyldlycerol were separated by this process (Fig. S1 , available in the online Supplementary Material).
Fatty acids and fatty alcohols were extracted and methylated using minor modifications of the methods of Miller [25] and Kuykendall et al. [26] . Compounds were separated using an Agilent model 6890N gas chromatograph fitted with a 5 % phenyl-methyl silicone capillary column (0.2 mmÂ25 m) and a flame ionization detector, and initially identified using Microbial ID software (MIDI, Microbial ID). Two peaks with respective equivalent chain lengths (ECLs) of 18.431 and 18.515 could not be identified by the MIDI database, but likely correspond to the internally branched fatty acids C 18 : 0 12-methyl and C 18 : 0 14-methyl, first identified by Carreto et al. [3] using mass spectrometry, which have thus far been detected in R. bracarensis, R. radiotolerans, R. xylanophilus and R. taiwanensis [4] . Furthermore, Jurado et al. [5] found that the MIDI identification software actually mischaracterizes many internally branched fatty acids and fatty alcohols common to the genus Rubrobacter, which are not included in the MIDI database. In line with these findings, the molecule with an ECL value of 16.511, which was identified by the MIDI identification system as the fatty acid C 15 : 0 3-OH, is actually assumed to be C 16 : 0 12-methyl. The fatty acid profile of HPK2-2 T along with those of all seven other type strains of the genus Rubrobacter are presented in Table 1 .
Testing for utilization of, and acid-production from, 16 different carbon sources was conducted in shake flasks with a modification of the medium used for strain maintenance and other testing, in which peptone was omitted, yeast extract was reduced to 0.01 % and to which 0.2 g l À1 NH 4 Cl was added. Filter-sterilized carbon source solutions were added to tubes after autoclaving to achieve 0.1 % solutions by weight; the amounts of carbon and nitrogen are based on the approximate amounts of these compounds contained in the yeast extract/peptone medium we use for strain maintenance. Flasks were incubated for 10 days at 200 r.p.m. and 50 C and growth in each flask was compared to carbon-free controls and scored as either positive, weak or negative for each carbon source. Acid production for each carbon source was simultaneously tested alongside carbon source utilization by comparing the pH of the medium before and after incubation; a drop in pH of 0.1 unit or greater was taken as evidence of acid production from a given substrate. Results of carbon source and acid production testing are presented in Table 2 .
Testing for cytochrome C oxidase was performed by transferring culture from plates onto pre-moistened OxiStrip Oxidase Strips per the manufacturers instructions. The test was repeated four times to verify that a positive result (a purple colour) was barely evident after exactly 30 s; this colour was highly apparent after 40 s, although the manufacturer's instructions specify that any colour change after 30 s should not be used to indicate a positive result. Based on these results, we classified HPK2-2 T as weakly oxidase-positive. Testing for catalase was performed by transferring culture from plates into drops of a 3 % solution of hydrogen peroxide. Bubbles were immediately apparent once culture was introduced, indicating a positive result.
DESCRIPTION OF RUBROBACTER SPARTANUS SP. NOV.
Rubrobacter spartanus (spar.ta¢nus. L. adj. spartanus, showing indifference to comfort or luxury typical of the residents of Sparta).
Cells are short irregular rods,~1 um in length that occur singly or in clumps. Gram-stain-positive. Forms light pink colonies after 1 week of incubation at 50 C. Oxidase weakly positive; catalase-positive. Grows best on dilute medium such as mineral medium with 0.1 % yeast extract and peptone added; grows poorly on rich media such as TSA, plate count broth or nutrient broth. The growth temperature range is 45-55 C with optimal growth at 50 C. The optimal growth pH range is 7.5-9.5. The polar lipid profile includes two glycolipids, six phospholipids, two phosphoglycolipids, phosphatidylglycerol and diphosphatidyldlycerol. Menaquinone MK-8 is the only detectable respiratory quinone. The major fatty acids are C 16 The type strain HPK2-2 T (DSM 102139 T ; LMG 29988 T ) was isolated from soil adjacent to the Kilauea volcano caldera collected from Hawaii Volcanoes National Park.
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